Abstract The California Laboratory for Atmospheric Remote Sensing Fourier transform spectrometer (CLARS-FTS) deployed at Mount Wilson, California, has been measuring column abundances of greenhouse gases in the Los Angeles (LA) basin in the near-infrared spectral region since August 2011. CLARS-FTS measures reflected sunlight and has high sensitivity to absorption and scattering in the boundary layer. In this study, we estimate the retrieval biases caused by aerosol scattering and present a fast and accurate approach to correct for the bias in the CLARS column averaged CO 2 mixing ratio product, X CO2 . The high spectral resolution of 0.06 cm À1 is exploited to reveal the physical mechanism for the bias. We employ a numerical radiative transfer model to simulate the impact of neglecting aerosol scattering on the CO 2 and O 2 slant column densities operationally retrieved from CLARS-FTS measurements. These simulations show that the CLARS-FTS operational retrieval algorithm likely underestimates CO 2 and O 2 abundances over the LA basin in scenes with moderate aerosol loading. The bias in the CO 2 and O 2 abundances due to neglecting aerosol scattering cannot be canceled by ratioing each other in the derivation of the operational product of X CO2 . We propose a new method for approximately correcting the aerosol-induced bias. Results for CLARS X CO2 are compared to direct-Sun X CO2 retrievals from a nearby Total Carbon Column Observing Network (TCCON) station. The bias-correction approach significantly improves the correlation between the X CO2 retrieved from CLARS and TCCON, demonstrating that this approach can increase the yield of useful data from CLARS-FTS in the presence of moderate aerosol loading.
Introduction
Increased understanding of the impacts of greenhouse gases (GHGs) on climate change depends critically on the measurement of their concentrations [Intergovernmental Panel on Climate Change, 2013] . Urban areas, such as the megacity of Los Angeles (LA), California, are immense sources of global GHGs. These areas, which contain more than 50% of the world's population, are contributing at least 70% of fossil fuel CO 2 emissions and a large amount of anthropogenic CH 4 [Duren and Miller, 2012; Kort et al., 2012] .
To measure GHG concentrations in LA, California Laboratory for Atmospheric Remote Sensing Fourier transform spectrometer (CLARS-FTS) was deployed on the top of Mount Wilson, looking down at the land surface of target sites in the LA basin [see Fu et al., 2014; Wong et al., 2015, and references therein] . The current CLARS-FTS operational retrieval algorithm (version 1.0) uses measurements of the CO 2 absorption band centered at 1.61 μm to estimate the CO 2 slant column density (SCD) along the line of sight. SCD is defined as the total number of absorbing gas molecules along the optical path per unit area. A modified version of the GFIT program is used in the retrieval [Fu et al., 2014] . The GFIT program was originally used for observing direct sunlight [Toon et al., 1992; Wunch et al., 2011] . Surface reflection is included in the modified version but aerosol scattering is not taken into account. The effect of scattering, on the other hand, is estimated by simultaneously retrieving the O 2 SCD based on measurements of the O 2 absorption band centered at 1.27 μm, assuming that the changes in light path due to aerosol scattering are identical in both the 1.61 μm and 1.27 μm bands. The bias due to aerosol scattering could be mitigated by estimating the column-averaged dry air mole fraction of CO 2 (X CO2 ) defined as follows:
This algorithm was designed for retrieving X CO2 in clear-sky conditions. However, in the presence of haze, it leads to an underestimation of CO 2 and O 2 SCDs due to the change in photon path length through the boundary layer [Oshchepkov et al., 2012] , which is not accounted for in the retrieval. The wavelength and species dependence of aerosol scattering also imply that division by O 2 SCD does not completely remove the aerosol scattering effect in the 1.61 μm CO 2 absorption band. Therefore, the assumption that aerosol scattering is identical in the two bands leads to an observable bias in the retrieved X CO2 . The CLARS operational algorithm ignores aerosols and instead uses a filter criterion, in which data are filtered out if the retrieved and geometric O 2 SCD values differ by more than 10% [Wong et al., 2015] . However, this criterion is somewhat arbitrary. In a megacity where aerosol loading is often nonnegligible, it is necessary to evaluate the influence of aerosol scattering on the retrievals of CLARS-FTS measurements.
The aim of this paper is to present the CLARS observations and show the effects of aerosol scattering on the observed radiance and the retrieved absorbing gas abundances. The bias can be understood and mitigated with the help of a full-physics radiative transfer (RT) model. In section 2, we first introduce the CLARS measurements and demonstrate the retrieval bias in the SCDs of CO 2 and O 2 due to neglecting aerosol scattering. In section 3, we show the high-resolution spectral signatures of aerosol scattering on the observed radiance using CLARS measurements and a numerical RT model. In section 4, simulations are performed using CLARS viewing geometries to illustrate how aerosol scattering causes an apparent reduction in the retrieved abundances of trace gases and how wavelength dependence of the scattering causes bias in the X CO2 product. A fast and effective correction approach is presented in section 5, and the results are validated using comparison between CLARS and Total Carbon Column Observing Network (TCCON) measurements in section 6. A discussion of our results and conclusions follows in section 7.
Underestimation of SCDs Due to Aerosol Scattering
Here we will show the SCD retrieval bias caused by neglecting aerosol scattering. CLARS-FTS has two modes of operation as shown in Figure 1 [Fu et al., 2014, Figure S1 ]: (1) Los Angeles Basin Surveys (LABS) mode using reflected sunlight from the LA basin that undergoes absorption and scattering by trace gases and aerosols below the CLARS site and (2) Spectralon Viewing Observation (SVO) mode using reflected sunlight from a locally positioned Spectralon plate that samples the solar beam above the CLARS site and measures the background GHG abundances in the free troposphere above Mount Wilson. CLARS-FTS has high sensitivity to the variation of GHGs over the LA basin due to the long light path through the urban planetary boundary layer (PBL) (typically 20 km distance from CLARS site to the LA basin land surface). In the LABS mode, this viewing geometry offers not only much higher sensitivity to the atmospheric composition within the PBL than a typical satellite geometry but also makes the measurements more susceptible to the influence of aerosol scattering and absorption.
In the LABS mode, CLARS-FTS points at a programmed sequence of ground target locations in the LA basin. Sample CO 2 SCDs to a target in West Pasadena are shown in Figure 2a . For scenarios over the LA basin with The validation method will be presented in section 6. We employ the X CO2 data from the JPL TCCON station (yellow) and CLARS Spectralon (blue) to calculate the mean CO 2 mixing ratio along the West Pasadena reflected light path (red). The background CO 2 mixing ratio is X 0 , and the CO 2 mixing ratio within the PBL is X 0 + ΔX. We assume that the surface pressure is P 0 , the pressure at the top of PBL is P 0 -ΔP, and the pressure at the CLARS instrument is P 1 . P 0 and P 1 are known with high accuracy from the NCEP atmospheric profile.
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moderate aerosol loading (aerosol optical depth (AOD)~0.1 in the 1.61 μm band), we obtain a "U-shape" as the SCD of absorbing gas along the line of sight changes from the morning to the afternoon. The data are closer to the 1:1 line in the morning (A-B) and deviate from it as the haze builds up in the afternoon (B-C). For a pure trace gas absorption scenario, i.e., with no aerosol scattering in the atmosphere, we expect the measured SCD to agree with the calculated geometric SCD. Therefore, the data points, such as those in the SVO mode measurements (green "plus" points in Figure 2 ), should fall on the 1:1 line. Some systematic errors in the spectroscopic parameters may exist, but their impact on the retrieval is small. For the measurements over West Pasadena, the observed CO 2 SCDs are smaller (by up to 13%) than the geometric ones from the morning to the afternoon. Figure 2b shows similar deviation (by up to 17%) in the O 2 SCDs. The deviations in CO 2 could arise from diurnal variations (i.e., changes of CO 2 emission rate over the LA basin). However, there are no emission sources or sinks in the LA basin for O 2 . This suggests that the low bias is mainly due to the increase in AOD during the daytime, as indicated by the images recorded by a visible camera that was coaligned with the CLARS-FTS. Since aerosol scattering has wavelength dependence, we expect the O 2 and CO 2 SCDs to have different deviations from the 1:1 line. Therefore, dividing the CO 2 SCD by the O 2 SCD cannot completely eliminate the bias in X CO2 .
Influence of Aerosols on the Observed Radiance
We simulate the CLARS-FTS spectral radiance using a numerically efficient two-stream-exact-single scattering (2S-ESS) RT model [Spurr and Natraj, 2011] , where the RT calculation is done analytically except for the boundary value problem (which is also done using a simple and fast pentadiagonal solver rather than typical matrix inversion techniques). The 2S-ESS RT model is also different from a typical two-stream model in that the singly scattered radiation is computed exactly (using all scattering phase function moments); the two-stream approximation is used only for the multiply scattered radiation. The exact single scattering calculation mitigates biases due to the severe phase function truncation inherent to the two-stream approximation. In this model, the a priori atmospheric profile has 70 layers from the surface up to 70 km, derived from National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research reanalysis data [Kalnay et al., 1996] . Absorption coefficients for all absorbing gases are obtained from the HITRAN database [Rothman et al., 2009] . We calculate the optical depth for each layer using the Reference Forward Model [Dudhia et al., 2002] and then simulate the reflected radiance observed by the CLARS-FTS. We assume the surface reflection to be Lambertian with a surface albedo of 0.23, as measured for West Pasadena [Fu et al., 2014] . The model takes into consideration Rayleigh scattering by air molecules. The viewing zenith angle, a constant parameter, is 83.1°for the target scene over West Pasadena. The solar zenith angle (SZA) and relative azimuth angle (AZA) at a given time can be calculated as a function of latitude, time, and solar declination angle. In the forward model, we convolve the simulated radiance using the CLARS-FTS instrument line shape with full width at half maximum (FWHM) = 0.022 cm À1 [Fu et al., 2014] . The spectral resolution is adjustable, and the current operational value . The corresponding instrument maximum optical path difference is 5.0 cm. The signal-to-noise ratio is 300. Gaussian white noise is added to the simulated spectra.
Figures 3a and 3b show synthetic spectra in the 1.6 μm CO 2 absorption band with different CO 2 abundances and AODs in the PBL. The spectra from the 2S-ESS RT model have been validated against a full-physics RT model VLIDORT [Spurr, 2006] , which provides radiances with accuracy higher than the 2S-ESS RT model. In the presence of aerosol, the absorption lines move upward in the core and wing regions. The FWHM of the spectral lines in Figure 3b shows that the apparent absorption becomes weaker as AOD increases. Intuitively, this is because aerosol scattering shortens the photon path length and reduces absorption within the PBL. The effect is similar to decreasing CO 2 abundance in the atmosphere (Figure 3a) , as the spectral differences in Figures 3a and b have almost the same shapes. In the high-resolution CLARS-FTS spectra, this feature can be resolved for individual absorption lines. In Figure 3c , two measurements from CLARS-FTS on 23 March 2013 are shown. The measurements are made in the morning (clear) and in the afternoon (hazy) with nearly identical SZAs. The AOD is estimated based on images from a coboresighted visible camera. The spectral lines measured in the hazy scenario (red line in Figure 3c ) move inward and show weaker absorptions, compared with the ones measured in the clear scenario (blue line in Figure 3c ). This change in photon path length is observed in both the CLARS-FTS measured spectra ( Figure 3c ) and the simulations (Figure 3b) . Similarly, the same features are also apparent in the spectra of the O 2 absorption bands.
These features indicate that local aerosol scattering leads to a reduction in apparent absorption. Using normalized spectra, the equivalent effects in the apparent absorption, either caused by reducing absorbing gas abundance or by aerosol scattering in the PBL, are difficult to distinguish. In a model without aerosol scattering, all the changes in line width are attributed to changes in gas abundance. We assume that the daily gas abundance variations in the LA region are much smaller than that observed in Figure increases from the morning to the afternoon (Figure 2 ). The effect of aerosol scattering also increases as the SZA becomes larger in the afternoon.
Measurement Bias Caused by Aerosol Scattering
In order to quantify the influence of aerosol scattering on the GHG retrievals and simulate the bias observed by CLARS-FTS, we assume nonzero AOD evenly distributed in the PBL and use the 2S-ESS model to generate synthetic spectral radiance data. In a forward model with the same configuration, AOD is set to zero and held constant. The forward model is used to fit the synthetic spectra. This approach approximately simulates the influence of neglecting aerosol scattering on the retrieved SCDs. We also neglect the effect of water vapor. The fitting process employs the Levenberg-Marquardt algorithm [Rodgers, 2000] . The iteration in this algorithm is
where x a is the a priori state vector, y is the measured spectral radiance, S a is the a priori covariance matrix, S e is the spectral radiance noise covariance matrix, K is the Jacobian matrix, F(x) is the forward model, and γ is the parameter determining the size of each iteration step. The synthetic measurements cover 25 cm À1 wide spectral regions in both the 1.27 μm (O 2 ) and 1.61 μm (CO 2 ) absorption bands. The state vector elements to be adjusted are the scaling factors for O 2 and CO 2 abundances. In this study, we set S a to be 10% for both O 2 and CO 2 SCD simulations. The results are not sensitive to the value of the a priori constraints.
To simulate the observed U-shape as shown in Figure 2 , AOD data are taken from measurements of the Aerosol Robotic Network (AERONET) station at Caltech on 23 March 2013 [Holben et al., 1998; Holben et al., 2001] . AERONET measurements cover the wavelength range from 340 to 1020 nm. However, neither the CO 2 nor the O 2 near-infrared band used in our study is included in the AERONET measurements. To calculate the AOD in these two bands, we use the Angström exponent law to extrapolate the data [Seinfeld and Pandis, 2006] 
where λ 0 and τ 0 are the reference wavelength and the corresponding AOD and κ = 0.78 is the Angström exponent. Seven wavelengths from 340 nm to 1020 nm are used in the regression. The AOD in the CO 2 band starting at 1607 nm is 0.0708, while the AOD in the O 2 band starting at 1264 nm is 0.0854.
Aerosol properties in the LA basin are obtained from simulations using the Weather Research and Forecasting [Skamarock et al., 2005] model. The Modal Aerosol Dynamics Model/Secondary Organic Aerosol Module [Ackermann et al., 1998; Schell et al., 2001 ] is used to obtain specific values for five aerosol types (black carbon, organic carbon, sulfate, coarse, and accumulation mode sea salt). The aerosol single scattering properties are computed using the Meerhoff Mie code [Derooij and Vanderstap, 1984] , with size distribution parameters taken from the Optical Properties of Clouds and Aerosols [Hess et al., 1998 ] database. Table 1 shows the typical aerosol composition (as percentages of total optical depth) and optical parameters in this region. In the forward model, we vary the SZA and AZA to simulate different measurements from the morning to the afternoon (7:00 A.M. to 5:00 P.M.). We assume that the total AOD increases from zero to the value measured by AERONET station at 4:48 P.M. The temporal variation of AOD is simulated by an idealized function as shown in equation (4). Journal of Geophysical Research: Atmospheres
where H is the hour angle varying linearly from À75°(7:00 A.M.) to 75°(5:00 P.M.). The AERONET measurement of AOD at 4:48 P.M. is used to constrain equation (4).
The simulated variations of CO 2 and O 2 SCD are shown in Figure 4 and match the CLARS observations. Furthermore, the U-shape of the O 2 SCD also shows a larger low bias than that for the CO 2 SCD for the same aerosol conditions. This demonstrates that aerosol scattering is the cause of the low bias in the CO 2 and O 2 SCD. SCD biases caused by aerosol scattering are not equal in the two absorption bands and therefore cannot be removed by the ratioing in the calculation of X CO2 .
The retrieval bias in the SCDs due to neglecting aerosol scattering can be estimated using the Rodgers method [Rodgers, 2000] , as shown in equation (5) ΔSCD
where ΔSCD is the fractional SCD retrieval bias; K b is the Jacobian of radiance with respect to AOD;
À 1 is the gain matrix or the sensitivity of the SCD retrieval to the observed radiance. This method provides a linear estimate of the aerosol influence on the SCD retrieval bias. In the O 2 absorption band, GK b = À1.94, τ s = 0.1 corresponds to a SCD retrieval deficit of 19.4%; in the CO 2 absorption band, GK b = À1.81, τ s = 0.1 corresponds to a SCD retrieval deficit of 18.1%. The bias analysis shows that a typical AOD of 0.07-0.08 causes biases in the CO 2 and O 2 SCD retrieval of up to 13-17%, consistent with the U-shape shown in Figure 2 . The SCD bias for O 2 is larger than that for CO 2 at the same AOD. As a result, X CO2 calculated according to equation (1) would exhibit a high bias.
It is also of interest to study the measurement bias caused by different kinds of aerosols. For nonisotropic aerosol scattering, we explore the measurement bias in the single scattering albedo-asymmetry parameter space, as shown in Figure 5 . We assume that the aerosol scattering has a Henyey-Greenstein type phase function [Henyey and Greenstein, 1941] with single scattering albedo (SSA) ω 0 and asymmetry parameter g. The AOD is kept constant at 0.1 (in the CO 2 band). We find that the simulated SCDs are always less than the geometric SCD calculated from the true atmospheric profile. This indicates that aerosol scattering reduces the apparent absorption in the normalized radiance, as described in section 3. When calculating X CO2 using equation (1) without taking the wavelength dependence into account, the mean mixing ratio would be overestimated. At constant AOD, the biases in X CO2 and SCDs depend on both the SSA and the asymmetry parameter. The retrieval bias increases with ω 0 and decreases with g. By using the deltaEddington approximation [Wiscombe, 1977] , we can get the equivalent isotropic AOD τ ' s and SSA ω ' for the forward peaked scattering as shown in equations (6) and (7) [Goody and Yung, 1989; Liou, 2002] .
where f is the fraction of scattered energy residing in the forward peak. In the delta-Eddington approximation, f is typically taken to be g 2 [Joseph et al., 1976] . Therefore, a more forward-peaked phase function (g > 0) leads to smaller aerosol scattering as well as smaller measurement bias. 
Bias Correction
With the 2S-ESS model currently in place, it is straightforward to correct the aerosol induced bias in CLARS X CO2 retrievals. Previous studies have demonstrated that the retrieval bias for X CO2 can be greatly mitigated when simple aerosol parameters are incorporated into the retrieval algorithm [Butz et al., 2009; Guerlet et al., 2013] . However, these methods rely on calibrated radiances; for CLARS-FTS, calibration of the absolute radiance is currently unavailable. Using only relative radiances, the retrieval using a fullphysics model would face the problem of degeneracy, as presented in section 3. In this study, a fast and effective scaling approach is developed to correct for the bias in X CO2 , as shown in equation (8). The aim is to correct the GFIT retrieval using an empirical relationship between the O 2 SCD and X CO2 retrieval biases gained from a full-physics model, so that we can avoid running computationally expensive retrievals.
In equation (8), rather than making the assumption that aerosol induced biases in the O 2 and CO 2 SCDs are the same, we assume that the biases in the two absorption bands are different. The difference is measured by a correction factor f(b O2 ), and this factor is only dependent on the bias in O 2 SCD, b O2 (one minus O 2 scaling factor). If equation (1) is a first-order correction, which mitigates the bias in X CO2 by ratioing CO 2 SCD with O 2 SCD, equation (8) incorporates a secondorder correction, which is expected to produce relatively accurate X CO2 values even in the presence of moderate to high aerosol loading.
In Figure 6 , we calculate the one-to-one relationship between the bias in O2 SCD, b O2 and the X CO2 correction factor, f(b O2 ). The model setup is the same as in section 4. Climatological aerosol properties in the LA region are used, and the viewing geometry is fixed as appropriate for a measurement in West Pasadena. Synthetic data with different AODs are generated. A forward model, in which AOD is set to be zero, is employed to simulate the retrieval by GFIT. Figure 6a shows the retrieval biases in O 2 SCD, CO 2 SCD, and X CO2 as a function of AOD when a simple model like GFIT is applied. A scaling factor of unity corresponds to the true value. The scaling factors for the O 2 SCD (red) and X CO2 (black) can be used to set up an empirical relationship between the O 2 SCD bias and the X CO2 correction factor in Figure 6b .
Using this approach, we can infer the bias in X CO2 from the difference between the measured O 2 SCD and the geometric O 2 SCD. Then, the inferred bias can be used as a scaling factor to correct the X CO2 retrieval result from GFIT. This approach is reasonable because we can get very accurate estimation of the surface pressure from NCEP or ECWMF reanalysis data. The O 2 mixing ratio in the atmosphere is almost constant as 0.2095. It is estimated that the error in the surface pressure a priori information for a spaceborne mission is below 1 hPa, with 4 hPa as a pessimistic estimate when the uncertainty in topography is considered [O'Dell et al., 2012]. 
Journal of Geophysical Research: Atmospheres
10.1002/2015JD023499
For CLARS-FTS, the target sites are known locations. Therefore, the surface pressure uncertainties should be even smaller than that for a satellite measurement. A surface pressure error of 4 hPa leads to a 0.4% error in the O 2 SCD, which then translates to a 1.6 ppm error in the X CO2 (equation (1)).
It is crucial to show that the X CO2 correction factor f(b O2 ) is only a function of the O 2 SCD bias and not influenced by other parameters such as geometry, aerosol phase function, and aerosol SSA. In other words, if we observe a deficit in the measured O 2 SCD, the bias in X CO2 can be inferred irrespective of other parameters. Otherwise, f(b O2 ) would become a multivariable function and require extensive computation in a multidimensional parameter space. In Figure 7 , we test the combined effect of geometry 
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and AOD on the O 2 SCD, CO 2 SCD, and X CO2 . Intuitively, both a larger AOD and a larger SZA would enhance scattering and increase biases in the O 2 and CO 2 SCD retrievals. The scattering angle, which is a function of SZA, AZA, and viewing zenith angle (VZA), also matters if the scattering phase function is not isotropic. To test whether f(b O2 ) is influenced by geometry, we find the X CO2 values in Figure 7c corresponding to the 70% O 2 SCD contour in Figure 7b and plot them as a function of SZA in Figure 7d . If f(b O2 ) is a function independent of viewing geometry, we would expect to see a straight line, since all the X CO2 scaling factors along the line corresponds to the same O 2 SCD bias (b O2 = 30%). The line in Figure 7d is not absolutely straight, but the variations are small. The error in X CO2 due to the assumption that f(b O2 ) is independent of viewing geometry would be within ±2 ppm, if the solar zenith angle is smaller than 65°(red lines in Figure 7d ). Note that an O 2 SCD bias of 30% is very large. We rarely observe such a large bias in the CLARS observations even though it has very high sensitivity to aerosol scattering. For a typical CLARS viewing geometry at noon, a 30% O 2 SCD bias indicates a local AOD larger than 0.2 in the 1.61 μm CO 2 band or equivalently an AOD larger than 0.4 in the O 2 A-band.
The same method is applied to analyze whether f(b O2 ) is influenced by the aerosol scattering phase function and SSA, as shown in Figures 8 and 9 . In order to test the sensitivity of the X CO2 correction factor to the aerosol phase function, we employ the Henyey-Greenstein phase function. In Figure 8 , the combined effects of the phase function asymmetry factor and AOD are tested. The asymmetry parameter g varies from 0 to 1. The SSA is held constant at 0.95 for all simulations. The viewing geometry is fixed as appropriate for an observation in the afternoon, with SZA = 45.2°, VZA = 83.1°, and AZA = 9.7°. According to the delta-Eddington approximation, a larger g would reduce the effect of scattering. In Figure 8d , we find that the error in X CO2 due to the assumption that f(b O2 ) is independent of the aerosol phase function is within ±1 ppm, if g is smaller than 0.9.
In Figure 9 , we fix the asymmetry factor g at 0.75 and explore the sensitivity of f(b O2 ) to the aerosol SSA. The same viewing geometry is used in the calculation as that in Figure 8 . Figure 9d demonstrates that the error in X CO2 correction due to the assumption that f(b O2 ) is independent of aerosol SSA is within ±1 ppm, if the SSA is larger than 0.2.
Several factors contribute to the uncertainty of this scaling correction approach. Here we have studied the errors due to uncertainties in surface pressure estimation (σ 2 pre ), viewing geometry (σ 2 geo ), scattering phase function (σ 2 g ), and aerosol SSA (σ 2 SSA ). Assuming that these four effects are independent and uncorrelated, a simple error estimate would be σ ¼
,which results in a value of 2.9 ppm. In this study, other parameters such as surface albedo and Angström coefficient are assumed to be known from external sources. As we will see in the next section, this approach significantly reduces the aerosol-induced bias in the X CO2 product.
Validation
To test the effectiveness of the bias correction approach, we need to compare the corrected CLARS X CO2 time series against a benchmark. Measurements from CLARS have a long light path through the PBL. Therefore, it is very hard to validate the CLARS X CO2 product using aircraft measurements. TCCON measures the total column average X CO2 from the surface to the top of atmosphere and is often used to validate satellite X CO2 retrievals [Wunch et al., 2011] . The TCCON station at Jet Propulsion Laboratory (JPL) is very close to the CLARS West Pasadena target site in both the horizontal and vertical directions. We employ the JPL TCCON data as the ground truth to validate the CLARS X CO2 measurements. However, the comparison is not straightforward. CLARS X CO2 measurements have a much larger contribution from the PBL than TCCON or a typical satellite (Figure 1 ). In megacities with large CO 2 emissions, X CO2 in the PBL is often higher than that in the free troposphere. Therefore, we expect the CLARS X CO2 measurements to be higher than those from TCCON. Fortunately, we also have CLARS Spectralon measurements to constrain the X CO2 in the free troposphere. The CLARS Spectralon viewing mode takes direct Sun measurements similar to TCCON. For most of the daytime, the PBL top is below the CLARS site and the Spectralon measurements are not influenced by aerosol scattering [Newman et al., 2013] .
We use a simple two-box model to calculate the CO 2 mixing ratio along the CLARS West Pasadena light path, as shown in Figure 1 . We assume that the CO 2 mixing ratio is X 0 and X 0 + ΔX in the free troposphere and the PBL, respectively. Pressures at the surface, the top of the PBL, and the CLARS instrument are P 0 , P 0 -ΔP, and P 1, respectively. Using this simple model, the JPL TCCON station measurements (TCC), CLARS Spectralon measurements (SPC), and estimated CLARS West Pasadena measurements (WP) can be calculated using equations (9)- (11). 
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If the viewing geometries of both TCCON and CLARS West Pasadena measurements are known, we can solve for WP and calculate the estimated average CO 2 mixing ratio along the CLARS light path in West Pasadena, as shown in equation (12):
This method is not sensitive to the PBL height so long as the PBL is below the CLARS site. There are several assumptions made here. First, we assume that the PBL height is uniform in both the incoming solar and outgoing viewing directions. Second, the X CO2 in the PBL and the free troposphere is well mixed and horizontally uniform. We also neglect the spatial differences between the TCCON JPL station and the CLARS West Pasadena target site.
In Figure 10 , CLARS and TCCON measurements on 23 March 2013 are shown. In Figure 10a , TCCON X CO2 measurements are shown in red and CLARS Spectralon X CO2 measurements are shown in green. The expected average X CO2 along the CLARS light path in West Pasadena (black) is calculated according to equation (12) using both TCCON and CLARS Spectralon measurements. The blue curve shows the CLARS operational X CO2 product without any correction. It is clear that in the afternoon, CLARS X CO2 retrievals show a high bias of up to 20 ppm due to aerosol scattering, consistent with the analysis in Figure 5 .
In Figure 10b , the green, red, and black curves are the same as those in Figure 10a , representing CLARS Spectralon, TCCON, and estimated CLARS West Pasadena measurements. The blue curve is the corrected CLARS West Pasadena measurement using the scaling approach proposed above. We first determine the O 2 SCD bias from the difference between the geometric and measured O 2 SCDs (e.g., Figure 2 ). Then, the corresponding X CO2 correction factor f(b O2 ) can be found from Figure 6b . We finally divide the GFIT operational X CO2 product (blue curve in Figure 10a ) by this correction factor and get the corrected X CO2 measurements (blue curve in Figure 10b ). The aerosol induced bias in X CO2 is significantly reduced by making the correction. The root-mean-square (RMS) of the discrepancies between the black and blue curves in Figure 10b is 2.4 ppm, which is below our error estimate. As shown in Figure 10 , CLARS-FTS has excellent sensitivity to boundary layer X CO2 enhancement, which makes it particularly useful to study emissions in a megacity. The estimated error for this proposed correction approach is larger than that for a satellite-based measurement (e.g. OCO-2 [O'Dell et al., 2012] ), mainly because CLARS-FTS has high sensitivity to aerosol scattering, and we are studying hazy scenarios in a megacity. However, the precision is good enough for analyzing the temporal and spatial variability of X CO2 in the LA basin.
CLARS measurements on other hazy days show similar features as Figure 10 . When aerosol scattering is neglected, the X CO2 retrieval typically shows a high bias. The bias can be significantly reduced when we apply the correction approach based on the O 2 SCD. In Figure 11 , we test all available CLARS West Pasadena measurements in 2013 when concurrent JPL TCCON measurements are available. The RMS of discrepancies between the X CO2 measurements and the estimates (equation (12)) is reduced from 9.1 ppm to 3.4 ppm by the proposed correction approach. The correlation coefficient between the X CO2 measurements and estimates also rises from 0.56 to 0.80 as a result of the correction. The approach proposed in this study only aims to correct the X CO2 retrieval bias caused by aerosol scattering. There are other factors that potentially contribute to the discrepancy between the corrected CLARS measurements and the estimates using equation (12). For example, the assumptions that the PBL height is uniform and that CO 2 is well mixed in the PBL may not hold in some cases.
Discussions and Conclusions
Assuming that the aerosols are evenly distributed in the PBL, the CLARS-FTS retrieved SCD shows a low bias regardless of the value of aerosol SSA and phase function asymmetry parameter. An examination of CLARS-FTS measurements (similar to Figure 2 ) on other hazy days also confirms that the retrievals of CO 2 and O 2 SCDs are less than the geometric estimates without exception. This is mainly due to the unique observation geometry of the CLARS-FTS instrument. The CLARS site is very low in altitude. Only the aerosols within the PBL strongly influence the observed reflected spectral radiance. For a typical satellite viewing geometry, if the surface is bright and the aerosol/cloud layer is high, scattering could also enhance photon path length, resulting in an increased apparent absorption.
Aerosol scattering has wavelength dependence. Therefore, ratioing CO 2 and O 2 SCDs cannot totally cancel the bias in the X CO2 product. The X CO2 bias can be mitigated by simply filtering the data based on the criterion that O 2 SCD bias < 10%, as demonstrated in Wong et al. [2015] .
We propose an effective and fast approach to correct the aerosol induced bias in the X CO2 retrieval using noncalibrated reflected solar radiance. The approach is potentially applicable to other ground-based instruments dedicated to measuring greenhouse gas abundances. X CO2 could first be retrieved using a simple and fast model, such as GFIT, which allows for noncalibrated radiance but does not account for aerosol scattering. The bias in the X CO2 product caused by aerosol scattering can be reduced based on the difference between the measured and geometric O 2 SCDs. This approach offers a much higher accuracy than a simple ratioing between the O 2 and CO 2 SCDs. Since GFIT is much simpler and faster than most of the full-physics models, this approach is numerically efficient and particularly applicable to massive data processing when computational resources are limited. (12) is 0.56. After the correction, the correlation coefficient rises to 0.80. The displayed data are from nine separate days of observations and include 274 separate data points.
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The correction accuracy could be further improved by incorporating another parameter, other than the bias in the O 2 SCD, into the empirical relationship. In this study, we use a fixed Angström coefficient to constrain the wavelength dependence of AOD between the 1.61 μm CO 2 band and the 1.27 μm O 2 band. This not a serious problem in this study since the CO 2 and O 2 bands are close to each other. However, the error caused by an inaccurate Angström coefficient would increase if the O 2 A band (0.76 μm) was used in the retrieval. For a typical CLARS-FTS measurement with AOD = 0.1 in the CO 2 absorption band, a ±0.1 variation in the Angström coefficient results in a ±0.0029 variation in the O 2 absorption band AOD, which translates into 2 ppm bias in X CO2 . In principle, we can set up a two-variable empirical function f(b O2 , κ) to correct for the bias in X CO2 , where κ is the AOD Angström coefficient. This would require additional information on the AOD wavelength dependence. Surface albedo is another important parameter as incorrect albedos in the CO 2 and O 2 absorption bands could potentially lead to biases in the X CO2 products. For CLARS instrument, surface albedo can be measured on a clear day with reference to the spectra from the Spectralon.
The CLARS mountaintop remote sensing observations of greenhouse gases in an urban source region provide a heretofore unavailable data set to study the effects of aerosols on high-precision trace gas retrievals. Since these data are diurnally resolved over a wide range of solar zenith and viewing angles and aerosol loadings, they provide for a critical comparison between the retrieved SCD daily variations from CLARS-FTS measurements and the model simulations constrained by AERONET data. The framework developed here provides a means to compare the CLARS results with reference data from simultaneous TCCON observations, which are relatively immune to aerosol extinction.
There are potential applications of CLARS-FTS measurements for the OCO-3 CO 2 mission [Eldering et al., 2014] . OCO-3 employs an agile pointing system, thus permitting a city mode, which maps an area approximately 60 km × 60 km at high resolution (~5.5 km in nadir view from 400 km altitude). This observing mode, combined with the low-inclination orbit of the International Space Station, which precesses in local time, is ideal for detecting and quantifying the spatial variability of fossil fuel emissions in rapidly developing urban centers. The measurements from CLARS-FTS provide the capability of spatially mapping the GHGs in the LA basin, whose emissions vary in complex temporal/spatial multimodal cycles. This unique spatial mapping capability of CLARS-FTS measurements, which helps in validating OCO-3 measurements under urban environments, is not available from the existing TCCON measurements. In addition, it is possible to generalize our work to include other species such as CH 4 and CO. Our results can also be used to improve the retrieval algorithm for the ESA TROPOspheric Monitoring Instrument mission [Veefkind et al., 2012] .
